A novel hydrogel wound dressing with semi-interpenetrating polymer network structure (semi-IPN) was prepared by radical polymerization of acrylic acid with potassium persulfate (K 2 S 2 O 8 ) as initiator and N, N'-methylenebisacrylamide (MBA) as cross-linking agent in the presence of chitosan (CTS) and polyvinyl pyrrolidone (PVP). Hydrogels were characterized by scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR). SEM displayed semi-IPN hydrogels' creased surface with some scale-like wrinkles, thus improving the absorptive capability which has been considered as a most important characteristic of wound dressings. It was found that the content of cross-linking agent and the mass ratio of PVP and CTS had much influence on the mechanical properties of the hydrogel, varying from brittle plastics to elastomer due to the different degrees of cross linking. Since tensile strength is partly in inverse ratio to the hydrogel absorbent capability, the article offers an analysis of varying material proportion in order to obtain an optimum properties of the hydrogel wound dressing .
Introduction
Historically, one common characteristic shared by wound dressings from different origins and structures is that they own an ability to absorb wound exudate in order to prevent the injured body site from bacterial proliferation and concomitant infection. However, traditional wound dressings, such as absorbent cotton and bandages [1~3], have been found to absorb all the exudate that a wound produces, thereby leaving a dry wound. As a result, these kinds of wound dressings would conglutinate to the injured or ulcered areas and when the dressings should be replaced, the renascent tissues and skins would be lacerated again, impeding the healing. Moreover, many wound dressings are not transparent, and therefore, it is difficult to observe wound without removing the dressing.
An ideal wound dressing, which can effectively promote healing process, should have the unparallel properties including oxygen permeability, bacterial impermeability, conformability to the skin around the wound, superior skin compatibility and good absorptive capability. [4] To meet these expectative requirements, various types of polymer-based hydrogels for wound protection have gained increasing acceptance recently in the modern biomedical fields. [5~8] Partially neutralized polyacrylic acid, one of the water-absorbent resins, has been commercially applied to the biochemical and sanitary fields, serving as an important material in disposable diapers, sanitary napkins, incontinent pads, drug carrier, etc.
[9~14] However, as a super-absorbent resin, its absorptive capability of normal saline solution is largely limited because of the water-absorbent mechanism of ionic resin. Since most exudates contain 0.9 wt% salt like other body fluids, one effective method to improve the PAA resin's absorptive property of normal saline solution is to introduce nonionic polymers to the system.
In this article, a nonionic polymer of polyvinyl pyrrolidone (PVP), is combined with sodium polyacrylate (PAANa) and chitosan (CTS) to establish a semi-interpenetrating network, [15~17] in which PVP linear chains were interpenetrated in the poly(CTSgraft-PAANa) network with pure physical interaction of materials' functional groups, including the carboxylic functional group of the acrylic monomers, amide bond of PVP and the groups of the pyran cycles of chitosan including -NH 2 as well as -OH groups. This tridimensional network structure enables the wound dressing to own comprehensive properties like a suitable tensile strength and a good compressive resistance. PVP, since its earliest use in the field of medicine during World War II as a substitute for blood plasma, has shown its commercial value for its wide applications. PVP and its derivatives can be processed to various products like aerosol hair sprays, adhesives, drug, cosmetic formulations, etc [18~22] . Hydrogels made by PVP have been used as contact lens and controlled drug delivery because of their biocompatibility and low toxicity, which have been extensively tested in a variety of species including humans and other animals.
Chitosan, embedded in the macromolecular systems, plays an active role in stimulating cellular activities and promoting granulation tissue as well as reepithelization, thus accelerating the wound healing [23~25] . Produced by partial deacetylation of chitin extracted from crabs and shrimps, this kind of natural polysaccharide, now has been processed to wound dressings in the form of nonwoven fabrics, hydrogels, films, powders, composites, etc [26~29] . In recent years, chitosan-based wound dressings in various forms, are commercially applied to traumatic and surgical wounds because of their particular properties in regenerative engineering. European researchers have proved that chitosan can activate platelets and macrophages during the wound treatment, thereby exhibiting an outstanding performance compared with known hemostatic materials [30] . The biological activities of chitosan have long been studied since the early observations 20 years ago. The peculiar characteristics, such as promotion of granulation tissue and re-epithelization [31~32], entrapment of growth factors to accelerate the healing, limitation of scar formation [33~35] and retraction as well as stimulation of integrin-mediated cell motility, prefigure a splendid future of this natural polysaccharide in chemical, biochemical and medical fields.
Results and Discussion

FTIR analysis
The FTIR spectra of CTS powder, PVP and dried semi-interpenetrating polymer network are shown in Fig. 1a , b and c. . What's more, this figure indicates that pyrrolidone circles have not been damaged due to its interpenetration in the network of poly(CTS-g-PAANa) through physical interaction. The stronger absorption band presented in Fig.1c at 1654 cm -1 than the corresponding C=O stretching of PVP was attributed to the additional effect of PAANa due to its C=O stretching. The PAANa's COO-stretching around 1410 cm -1 and C-O group around 1250 cm -1 also strengthened adjacent peaks of PVP. Congruence of each component's peaks could perfectly prove the formation of semi-interpenetrating network. Fig. 2 shows the surface morphology of dry PVP/(Chitosan-g-PAANa). The structure was observed to be unfixed, with features of developed puckers and scale like wrinkles. The wrinkly surface paves the way for the transit of N-acetylglucosamine monomers and oligomers released by CTS, serving as vital nutritional ingredients for the growth and reproduction of epithelium. [37] Moreover, scale like wrinkles certainly enlarge specific surface area resulting in a distinctly improved absorption rate and liquid transport of the wound dressing [38~39].
Morphology of exterior surface
Fig. 2. Morphology of exterior surface by SEM.
Water states
Water in a three-dimensional system of hydrogel presents itself with three different states, namely, nonfreezing water, freezing bound water and free water [40~41]. Water State Calculation Formula Percentage total water /% Δ Hm(the second peak) of sample/Δ Hm(the second peak)of pure water*100 74.39 free water /% Δ Hm(the first peak) of sample/Δ Hm(the first peak)of pure water*100 69.86 bonded water/% total water-free water 4.53
The transition temperature of freezing bound water is comparatively low than the free water, the content of which could be calculated from the data of melting endothermic heat of fusion for pure water and the swollen sample [42~43]. The former peak, between -2.93 and 10.46 0 C, was an overlapping one including the peaks of freezing bound water and free water since the content of freezing bound water in a swollen hydrogel was quite low and consequently its peak was covered. Nonfreezing water, which is attributed to hydrogen bonding with PAANA or PVP chains, was presented as the difference between the total water and the free water. The results from calculation showed that content of free water and bonded water were 69.86% and 4.53%, respectively. The concrete data are listed in Table. 1. The low proportion of bonded water in the total water content indicated a weak crosslinking density of polymer and molecular entanglement, and further offering reasoned explanations for the superior ability of semi-IPN hydrogel. Water state was partially influenced by the molecular interaction and interior structure of the complex system of polymer, and therefore a sound analysis of the different water state enables a better understanding in the structure and properties such as absorptive rate, thermal stability, etc. Fig. 4 shows that the PVP content had distinct effect on the mechanical properties of semi-IPN complex wound dressing. The tensile strength and elongation at break both increased with increasing the PVP content from 0-40 wt.%. This might be mainly due to the enhancement of hydrogen bond in the network system provided by the additional amide group of the PVP. Semi-IPN structure was prone to absorb exterior stress, thus improving the mechanical properties [44~46]. However, it was opposite since the content of PVP was more than 40 wt%. The over addition of PVP rendered the final product sticky and soft. The semi-IPN hydrogel could have suitable mechanical characteristics in the PVP 's content range of 30wt% to 40wt%.
Influence of PVP content on mechanical properties
Influence of CTS content on tensile strength and Q S
The tensile strength and swelling behavior influenced by the CTS content as shown in Fig. 5 . Q s , a parameter measuring absorptive capability of normal saline solution, is calculated by the following formula:
where W s and W 0 are the weights of the swollen hydrogel and dry gel, respectively.The swelling behaviors and sustainable stress were found to be increased when the content of CTS varied from 0wt% to 10wt%. This might be partially due to the functional groups of CTS such as -NH2 , -OH groups and -NHCOCH3, which contributed to a more dense entanglement of three-dimensional system, thereby strengthening the ability to endure tensile force. Moreover, functional groups of CTS could contribute to Qs to a certain extent by forming hydrogen bonding with water molecules. One explanation for the elevated swelling behavior could be found in the Flory-Huggins's formula:
where Q refers to absorptive capability of pure water,and (1/2-x 1 )/V 1 refers to affinity to water molecules.
It could be seen that maximum absorption and flexibility decreased when the chitosan/(dry semi-IPN gel) solution mass ratio increased continually. However, the construction of the expected network could be nothing but a failure if concentration of reactive solution was too low . When the content of CTS is more than 15%, the impaired construction of the expected network leads to a low crosslinking density , a common character shared by super absorbent polymers,so Q s can increase to a certain extent before the hydrogel dissolves in water caused by excessively low crosslinking density.To strike the right balance of tensile strength and Qs, the suitable content of CTS is mediated between 5wt% and 10wt%.
Influence of cross-linking agent content on tensile strength and Q S
As shown in Fig. 6 , the wound dressing exhibited improved property in tensile strength with increasing amount of MBA. This might be largely due to a more tight entanglement among molecular chains by addition of crosslinking points. It could be seen from the figure that Qs had reached its peak when the content of MBA was 0.20 wt%. Excessively crosslinked network impedes the distention of molecules thus weakening the absorptive capacity, while too loosely crosslinked network cannot maintain good water retention since a certain part of components are water soluble [47] . The optimum amount of MBA should be 0.20wt% based on experimental data. water even at a 500 KPa pressure, while gauze samples had almost no water reserved at 100KPa. The outstanding compressive resistance could reduce the risk of bacterial proliferation and re-pollution of wound since the absorptive exudates could not be squeezed out to contaminate the wound and surrounding skin under exterior pressure. Therefore, it is more convenient for patients to move and exercise. 
Conclusions
A chitosan-based hydgrogel dressing with semi-IPN structure was prepared by radical graft polymerization of partially neutralized acrylic acid monomers and chitosan to construct a network interpenetrated with PVP linear chain. The resulting semi-IPNs were characterized by FTIR and DSC. To provide fit balance between the mechanical properties and absorptive capability, the optimum content of PVP, CTS and cross-linking agent were 40wt%, 10wt% and 0.20wt%, respectively. Compared with various commercial hydrogels used as wound dressings ,the swelling property of this novel dressing is superior since a hydrogel wound dressing can be described as highly absorptive one if it is able to absorb 40 to 50 percent its own weight [48] . Since the flexible swollen samples can be easily laid over or removed from the skin, they exhibit appropriate mechanical properties, which vary considerably according to components, structure,cross-linking agent content and so on among different gel dressings. The porous and scale like surface of dry gel observed by scanning electron microscope contributed to promotion in wound healing for the reason that this morphology made it easier for the transit of monomers and oligomers released by CTS. Compared with conventional dressings like gauze and absorbent cotton, the novel semi-IPN complex hydrogel also presented obviously superior compressive resistance. Hence it can be concluded that the novel chitosan -based semi-IPN wound dressings show a vast vista in the field of biomedicine.
Experimental part
Materials
The chitosan (M n =2×10 
Synthesis of semi-interpenetrating polymer network
The acrylic acid dissolved in de-ionized water (50 wt%), treated by NaOH to neutralize about 70% carboxyl groups, the chitosan powder of 3.5 wt% dissolved in a 1.5 wt% acetic acid, and the PVP dissolved in de-ionized water (25wt%) were mixed together in the solution mass ratio of 1.73: 4.00: 3.57, followed by the addition of K 2 S 2 O 8 and MBA, whose weight was 0.15% and 0.20% of the weight of PAANa solution respectively. And then, the mixture was transferred to a flat-shaped mold, and the polymerization was carried out in a constant temperature of 60 0 C for more than 5 hours. The crosslinked hygrogel with semi-IPN structure was washed repeatedly by distilled water and 20wt% ethanol aqueous solution. The yield of the crosslinked gel was found approximately 91%.
Fourier transform infrared spectroscopy (FTIR)
The powder of CTS and PVP were formed as a KBr pellet, respectively. The dry gel sample, whose thickness was about 0.1mm, was detected by a probe equipped by the FTIR. FTIR spectroscopy studies were carried out on a Nicolet 8700 FT-IR spectrometer (U. K.) in the range of 4000 cm -1 to 1000cm -1 . The dry gel was obtained by putting the synthetic hydrogel into an oven in a constant temperature of 180 0 C for more than 3 hours.
Differential scanning calorimetry (DSC)
The glass transition temperature (T g ) as well as the state of water in the hydrogel were measured on a DSC thermal analyzer (CDR-1,TianpingFactory,Shanghai). The sample was loaded in the crucible and the thermogram was run in the temperature range of -50 to 250 0 C under nitrogen atmosphere at a heating rate of 10 0 C /min.
Scanning electron microscopy (SEM)
The microstructure of the gel surface was observed by a HITACHI s-3000N scanning electron microscope (Japan) with an accelerating voltage of 10 KV. The drying example was sputter-coated with gold to prevent charging in the electron beam.
Absorptive capability
Dried samples with 1mm thickness, cut into squares with 20mm length of side, were immersed in a 0.9wt% normal saline solution which is similar to the salt content of body exudates. The swollen hydrogels were wiped up the surface moisture with filter paper and weighed every 10 minutes until each sample acquired the maximum water content. The aqueous temperature was maintained at 37 0 C. The absorptive capability was calculated by the following formula:
where W s and W 0 are the weights of the swollen ones and dry ones, respectively.
Mechanical properties
Tensile strength and elongation at break of the swollen hydrogels were tested automatically on a universal testing machine (Shanghai HuaLong Instrument Factory, China) at a running speed of 10 mm /min. The hydrogel samples were cut into strips with a 1 mm thickness and 30 mm length by a sharp stainless steel knife.
Retention of water under pressure
The swollen hydrogel with maximum water content was cut into cubes with 2 mm length of side and placed in a container attached to a centrifuge under the pressure varying from 0 KPa to 500Kpa. The rotational speed was set as 2000 r/min. After 10 minutes, all the hydrogel cubes were wiped up the surface moisture with blotting paper and weighed .The retention of water could be evaluated by a parameter Q calculated by the following formula: 
